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Aims and Challenges 

Currently, 75 per cent of primary energy 
is consumed in urban areas globally, and due to 
worldwide urbanisation and increasing wealth, this 
is expected to rise. Despite this problematic trend, 
however, many cities all over the world have recently 
committed to the Paris Agreement to reduce car-
bon emissions and are aiming to adhere to the Paris 
goals. Singapore, for example, has committed to re-
ducing CO2 emission intensity by 36 per cent be low 
its documented 2005 levels by 2030 (Ministry of the 
Environment and Water Resources 2016).In the pub-
lication, Indicia 1, we outlined the challenges that 
planners and the public authorities are facing in their 
efforts to achieve low carbon future cities though 
the design and integration of urban energy systems 
into urban planning processes. Generally, one of the 
core challenges is complexity. More specifically, the 
difficulty is in understanding how urban energy sys-
tems are linked to key urban design parameters such 
as building densities and their morphology, building 
uses and the potential interplay of all of these ele-
ments with open space and infrastructure elements 
(for example, public transportation). 

Furthermore, the planned development of 
cities involves many diverse stakeholders, which 
include residents, public authorities, cultural insti-
tutions, businesses and industries. Since each group 

typically has different agendas, cultures of decision- 
making and related timelines, a lack of systems think-
ing and clarity regarding roles and responsibilities 
often result in isolated solutions of commercial, res-
idential, industrial, utility infrastructure, and transport 
development that do not adequately acknowledge 
the interdependencies and interactions of these dif-
ferent but overlapping domains.

Another central challenge is uncertainty, 
since cities cannot be, nor should be, completely 
planned, with spontaneous developments and un-
expected effects typically emerging as a result of 
changing boundary conditions. As residents con-
stantly transform the city and the habits of society 
change, the building stock, its use, and related energy 
demands also change. Subsequently, new technol-
ogies influencing energy demand and supply emerge. 
These factors add to the uncertainty faced in planning 
urban energy systems that need to last for decades 
due to the large-scale investment costs in volved. The 
resulting challenge is, therefore, to develop holistic 
methods and improved integrated environments to 
design and assess energy systems in conjunction 
with urban development and planning processes, 
while simultaneously addressing uncertainty and al-
lowing for different development paths over time.

Building Blocks

In our research, we have identified building 
blocks that provide a foundation for the development 
of new methodologies that address the coordinated 
design and planning of integrated urban energy sys-
tems. They are as follows:

‘Real’ Data
We refer to ‘real’ data as the sensor, oper-

ational and geospatial data of a city that includes its 
buildings, infrastructures and transportation systems. 
Although this seems straightforward and a large vol-
ume of such data exists, it is fragmented, often aggre-
gated with regard to space and time, and mostly inac-
cessible. However, at a global level, current ‘Smart 
City’ movements are starting to gain traction, and 
‘real’ data is systematically being collected and used 
to develop new models, methodologies and smart 
city applications. Assessing and coupling this data 
provides a huge potential to better understand the 
dynamic flows of people and energy, the interactions 
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between different domains, and the impact of cli-
matic changes, weather events and occupant behav-
iour. Obviously, using such data demands caution 
in negotiating the tension between what is gained 
from using the information versus privacy issues.

In order to achieve the integrated design 
of urban energy systems, the access to ‘real’ data 
that captures the relevant dynamics of weather and 
climate, building occupancy as well as building sys-
tems operational data is key to developing both new 
data-driven approaches and also calibrating bottom-  
up engineering models for urban energy systems 
simulation.

Integrated Models
Data on the city and its environs can be used 

to build better models. Integrated models for the 
synergetic design of urban energy systems would 
ideally depict spatial properties, such as build ing 
form, location, urban context and building uses (for 
example, residential, offices, museums, hospitals, 
utilities, etc.); the available energy potentials of the 
site, both natural as well as man-made; and the avail-
able energy supply systems, both from current and 
near future technology. Incontrovertibly, these cat-
egories are interrelated. For example, the change 
of a building use has implications on the energy de-
mand and its dynamics, and the change of building 
morphology has implications for the renewable en-
ergy potentials on the building itself and its neigh-
bours as well as on the overall energy demand.

Exploration of the Solution Space
For us, the solution space refers not only to 

the results of an optimisation process that is used 
to assess quantitative aspects of potential solutions, 
but more broadly, to the range of solutions which can 
be analysed and aggregated to subsequently build 
strategic, heuristic knowledge. Employing integrated 
models to support design space exploration and opti-
misation allows us to uncover interdependencies and 
insight on the sensitivity of the links between design 
parameters across multiple domains. A central design 
relationship is, for example, between building form 
and renewable energy generation potentials. New 
optimisation algorithms allow for the consideration 
of multiple objectives for the design of district energy 
systems, such as target carbon emissions, primary 
energy and annual energy costs. Furthermore, opti-
mised solutions can be evaluated regarding their 

inherent uncertainty in terms of technology, policy, 
and urbanisation processes in order to identify, and 
thus reduce financial risk.

Scenarios
The integrated design of urban energy sys-

tems also means negotiating between different de-
sign cultures. Architects and urban designers are 
often thought to primarily think in ‘designs’, which 
are spatial and aesthetic ‘interpretations’ of a problem 
set. In contrast, engineers are often conceptualised 
as thinking and working in ‘solutions’, with the objec-
tive to identify the most effective result, or rather, the 
best solution given a set of constraints. Both perspec-
tives are limited and do not support holistic perspec-
tives on urban design and planning practices, espe-
cially in regard to the design of urban energy systems. 
However, there is a difficult kernel of truth in them as 
well. What we have observed is that architects and 
urban designers are often missing necessary, quan-
titative information during design processes that 
would provide insight into interdependencies and the 
degrees of sensitivity of design parameters across 
different domains. Equally, engineers often underes-
timate the iterative process of finding one valid solu-
tion out of many possible ones. Most often, there is 
no ‘best’ solution, but rather, solu tion sets that effec-
tively capture and reflect dynamic site constraints. 

Working with scenarios allows us to ame-
liorate elements from both cultures and to explore 
how to effectively structure a shared design space 
for potential solutions. Our aim in the Multi-Scale 
Energy Systems for Low Carbon Cities (MuSES) 
Project is to develop synergistic scenarios that ac-
knowledge and leverage interdependencies between 
spatial relationships, programmatic demands and 
energy systems to propose solutions that are better 
performing and of higher comfort, without compro-
mising high design quality.

Methods

Based on the building blocks outlined above, 
we investigate new methods to address the chal-
lenges previously outlined and ‘connect the dots’ in 
an effort to achieve integrated design strategies of 
urban energy systems. Represented by the respec-
tive PhD theses in the MuSES project, they are out-
lined as follows.

Connecting the Dots: The Integrated  
Design of Urban Energy Systems22 23
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Fig. 1 Representation of spatio-temporal patterns of occupant presence in a city  
district by space use (colour) and frequency (size). 

Modelling Urban Occupant Behaviour
We tend to forget that it is not the buildings 

themselves that need energy but the people inside 
that require energy in the pursuit of their activities, 
which can be distinguished by the building type. 
For example, the number of people in a commercial 
building and the tasks they pursue directly affects 
the energy needed for space heating, cooling and 
ventilation. The individual preferences and activi-
ties of residential building occupants determine how 
much energy is required for air-conditioning, lighting 
and electrical appliances per household. As such, 
the insufficient modelling of occupant behaviour is 
one of the causes of the ‘performance gap’ in build-
ings   —  the difference between simulated and actually 
observed energy consumption. Additionally, on the 
urban scale, it is important to consider the diver sity 
of user behaviour and its effect on energy loads and 
consumption. It is, for example, well known that due 
to this diversity, the maximum total power consump-
tion cross-section in a district is typically below the 
aggregate total of respective peak power consumption 
of the individual buildings within the same district. 

In our research, we aim for better models 
of occupant behaviour by using real data col lected 

by smart devices carried around by people or sensors 
installed in buildings, which can be used to enhance 
and calibrate model predictions. An occupant’s pres-
ence in a building can be extracted from cell phone 
location services data or building-integrated indoor 
air quality sensors, motion sensors or smart elec-
tricity meters (Figure 1). Such models, once integrat-
ed into a design environment, can take urban design 
aspects as well as location and contextual aspects 
into account. For instance, the mix of housing (for 
example, multi-family, row house, high rise, cooper-
ative housing, housing for the elderly, etc.) in a newly 
planned district can directly affect the demographic 
characteristics of the resident population. This large-
ly influences the daily activities and needs of resi-
dents and thus their interactions with buildings and 
open spaces of various functions. Such integrated 
models allow scenario-based studies, where the 
effects of emerging social, demographic and socio- 
economic trends, such as ageing popula tions or an 
increased use of digital devices, on district energy 
demand and supply can be investigated. Ultimately, 
this novel approach to understanding the energy 
needs of urban dwellers could lead to more robust 
and resilient urban energy systems of the future.

 Modelling Novel Cooling Systems  
for Tropical Urban Districts
Cooling energy demand accounts for 40 per 

cent of the total energy consumption of buildings in 
the tropics. In Singapore, vapour compression chill-
ers are widely used to provide cooling in offices, retail 
spaces and residential buildings. Traditionally, build-
ing systems engineers can efficiently operate exist-
ing systems within a single building, or more strate-
gically, go beyond the single building approach by 
connecting multiple buildings with district cooling 
networks for the added benefits of reducing both 
costs and the space needed for mechanical equip-
ment storage. However, two additional opportunities 
to improve cooling energy supply remain untapped. 
The first is to combine more than one cooling technol-
ogy to better match climatic conditions and demand 
patterns. As the climate in the tropics is hot and hu -
mid, reducing humidity is as important as reducing 
temperature to provide indoor thermal comfort. For 
example, three possibilities are: 

1 Combined desiccant-vapour compression cool-
ing systems,

2 Combined vapour compression chillers with des-
iccants, or

3 Indirect evaporative cooling systems, which can 
outperform the traditional cooling systems. 

The second opportunity is to design district 
cooling networks that include hybrid cooling tech-
nologies that are exergy efficient; utilise local renew-
able re sources and storage; or respond to diverse 
cooling demand patterns across urban districts.

We hypothesise that efficient future cooling 
systems will be composed of a variety of cooling tech-
nologies connected through networks with various 
degrees of decentralised energy conversion path-
ways. For this, numerical models of energy conver-
sion processes accounting for both quantity and qual-
ity (that is, temperature and pressure) of energy are 
required. We use process integration techniques to 
analyse the energy performance of different cooling 
technologies in order to identify the best achievable 
target and the corresponding operating conditions 
(Figure 2) for a given situation. Furthermore, math-
ematical optimisation allows us to systematically 
explore and evaluate possible design options. The 
resulting energy system design scenarios include 
optimal combinations of technology, its geospatial 

locations and their connections to form a district cool-
ing network. 

 Balancing Urban Design and Energy 
Systems Parameters
As most existing research focuses on urban 

geometry to potentially reduce the energy demand, 
there is a lack of knowledge of the interdependen-
cies between urban form and the performance of 
energy systems at a district scale. In order to inter-
weave urban design and energy systems, we define 
the concept of energy-driven urban design. Acknowl-
edging the basic logic (urban design prototypes and 
urban components) of urban design, energy-driven 
urban design highlights the urban aspects in syner-
gies with urban energy systems. 

To identify these synergies, we propose a 
five-step process. The first step reviews prevailing 
urban morphology in Singapore to build up a block 
prototype comprised of basic urban components. 
As we work on the early stages of urban design and 
planning processes, we focus on street (that is, pat-
tern and block sizes), building (that is, pattern and 
density), and land use (that is, functional ratios). The 
second step builds up an inventory of mixed-use block 
typologies in a series of case studies found in Sin-
gapore, although the method could be used in the 
context of any development. The third step adopts 
a model of simulation-based urban form generation 
and optimisation. The model couples the parameter-
ised block typologies with energy demand and supply 
simulations. Methods of optimisation are used to 
study the interdependencies between urban form 
and the performance of energy systems. Besides 
using existing typologies, we investigate new block 
typologies that allow for an increased performance 
of urban energy systems. The fourth step implements 
the workflow as an extension module of urban form 
generation and optimisation modelling to the City 
Energy Analyst tool (Figure 3). Finally, the fifth step 
tests and practises the proposed process, creating 
scenarios of energy-driven urban design for Singa-
pore’s Waterfront Tanjong Pagar Project. 

Optimising Urban Energy Systems
Mathematical optimisation provides a  

powerful approach for identifying and negotiating 
the interdependencies between urban design and 
energy systems. The optimisation objectives from 
an energy systems perspective relate to carbon 
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Fig. 2 The superstructure of energy supply system under research and development  
in the MuSES project. 26 27
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boundary conditions and detailed technical speci-
fications, objectives can offer additional scope. For 
example, objectives can vary from expectations, such 
as high returns on investment to high expectations 
for low environmental impact and/or the quality and 
liveability of urban spaces. 

As part of the research in the MuSES pro-
ject, City Energy Analyst (CEA) was one of the first 
open source tools created to address these different 
layers. The CEA combines aspects of urban planning 
and energy systems design in an integrated simula-
tion platform. This allows planning teams to jointly 
study the effects, trade-offs and synergies of urban 
design options and energy infrastructure decisions 
(Figure 5). This interdisciplinary research effort has 
resulted in a tool capable of capturing a significant 
percentage of complexity occurring onsite and in the 
relevant environs. Case study application has also 
provided first-hand feedback and insight necessary 
to drive the tool development and inspire future re-
search. Agile management practices have also been 
applied to the development teams to create an appli-
cation that can be more easily maintained and adapt-
ed in the time to come.

Case Studies

The research of the MuSES project is cur-
rently applied to case studies in Singapore, such as 
the Waterfront Tanjong Pagar Project and the Nan-
yang Technological University (NTU) EcoCampus 
initiative. Notably the former is a new development, 
which allows for the redefinition of development 
rules and design approaches, while the latter is a 
retrofit with more constraints that provided a robust 
data set. 

 Waterfront Tanjong Pagar Project: 
 Negotiating Renewable Energy Shares  
in Relation to Building Land Use
Using the case study of the urban redevel-

opment of the Tanjong Pagar container terminal area, 
we investigated the interactions between urban plan-
ning interventions, energy systems parameters and 
their implications for environmental targets. Urban 
energy demand is highly influenced by urban plan-
ning parameters, such as building density and use. 
Furthermore, renewable energy supply by solar gen-
eration is critically influenced by planning parameters 

such as building density, building heights, the scale 
and location of open spaces as well as the scale of 
connective streets, roadways and alleys. In a first 
study, we used optimisation approaches to investi-
gate the trade-offs between such parameters with 
respect to the density, distribution of building uses 
and share of renewable energy supply.

The results demonstrate that a high fraction 
of renewable energy supply combined with high den-
sity is only possible for certain building uses, pref-
erably with a high percentage of residential usage. 
This, however, would result in a mismatch between 
demand and supply, which would require a shift in 
the generation of electricity to a later point in the 
usage timeline when consumption increases. We 
found that a more diverse mix of functions would 
allow a better match of generation and demand. As-
suming a fixed fraction of renewable energy supply, 
however, the larger consumption results in lower 
densities were achievable. Using integrated energy 
systems modelling, the designers and planners are 
able to identify such dependencies and quantify the 
effects, allowing for more informed decision making 
with regard to potentially conflicting objectives.

 NTU EcoCampus: Insights from 
Operational Data
The EcoCampus initiative is aiming to trans-

form the campus of Nanyang Technical University 
(NTU) in Singapore into one of the most sustainable 
campuses in the world. The initiative is targeting a 
35 per cent reduction in energy, carbon, water and 
waste intensity by 2025. 

As a retrofit and development case study 
for the MuSES project, we used the City Energy Ana-
lyst (CEA) to capture the current status of buildings 
and energy systems and to develop future scenarios 
that included building retrofit, increasing the floor 
area as well as integrated development of demand 
and energy supply technologies. 

We used operational data for the campus 
buildings to assess the status quo. Typically for build-
ings in Singapore, most of the energy consumption 
on the campus is attributed to air-conditioning usage 
and appliances. A typical office at NTU currently runs 
an annual energy use intensity (EUI) of 263 kWh/m2. 
According to the benchmark of the Building Con-
struction Authority of Singapore, this consumption 
is slightly higher than the average comparable office 
in Singapore based on statistics from 2015. However, 

Connecting the Dots: The Integrated  
Design of Urban Energy Systems

Fig. 3  Energy-driven urban design process. 

emissions, primary energy, and annualised energy 
costs. 

These objectives are often contradictory 
and require solution methodologies that reflect the 
prioritisation of different objectives via varied levels 
of trade-offs among them. In our approach, we apply 
genetic algorithms, inspired by the process of nat-
ural selection, to perform multi-objective optimisa-
tion, which results in a so-called Pareto Front (Fig-
ure 4). The algorithms use evolutionary operations 
like mutation and crossover over a number of gen-
erations to identify a set of solutions whose individ-
ual criteria cannot be improved without degrading 
the other. 

An urban design often has multiple poten-
tial solutions with different trade-offs from an engi-
neering perspective. Without having any preference, 
all these solutions are considered equally valid and 
evaluated in the design process, providing architects 
and urban designers with a range of options to re-
view, which they can then cull based on their insight 

and experience. Additionally, due to changing con-
straints during project planning phases, urban de-
sign schemes are typically subject to multiple pro-
grammatic and/or technical specification changes 
before they are actually realised. As such, this iter-
ative development process requires a design envi-
ronment that can take into account changes in urban 
form, energy systems and building use, and has the 
capacity to constantly re-optimise the energy sys-
tems to suit new configurations. 

 Developing an Integrated Modelling 
Platform  —  the City Energy Analyst (CEA)
Conceptualising and planning energy sys-

tems in cities is a complex task. New modelling tools 
for the integrated design of energy systems in cities 
aim to create balanced representations of entire dis-
tricts, by keeping in mind the needs, constraints and 
longer-term objectives of property owners, urban 
planners, energy systems designers and operators. 
While each of these categories varies in economic 
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Fig. 4 Pareto curve of potential energy system solutions. 
Fig. 5 Infrastructure solution in urban design scenario with the City Energy Analyst.

the results of the first application of the CEA on this 
case study suggested that there are multiple possi-
bilities to achieve reduced consumption using recent 
conceptual and technological advances. 

An exemplary project exhibiting such tech-
nology is the ‘3for2’ research project, which was 
im plemented at the United World College of South 
East Asia (UWCSEA) and runs at an annual EUI of 
approximately 90 kWh/m2. Such a low value can be 
achieved by rethinking cooling systems in tropical 
buildings and employing human-centred control ap-
proaches. Transferring such concepts to the Eco-
Campus, however, will require anticipating how the 
site-specific scaling up of the strategy from building 
scale to campus scale will impact the user-building 
energy consumption interaction dynamics outlined 
earlier in this essay. 

Connecting the Dots

Addressing the manifold challenges of 
achiev ing future zero carbon cities, we have formu-
lated the building blocks necessary for an integrated 
approach to designing urban energy systems. We 
use increasingly available ‘real’ data to build and 
calibrate models to better depict the dynamics of 
human behaviour and its implications on energy de-
mand as well as to design efficient urban energy sys-
tems. By using optimisation techniques, we investi-
gate the space of potential design solutions in order 
to negotiate between potentially conflicting objec-
tives of form, function, energy efficiency and renew-
able energy generation. 

For the sake of exploring the solution space, 
we believe it is necessary to explore it right to its 
edges. Although none of the extreme solutions are 
necessarily realistic, they, however, allow for the gen-
eration of insight into the implications of design strat-
egies and aggregate heuristic knowledge to be used 
in the integrated design process. Furthermore, the 
scenario solutions produced can be used as ‘seeds’ 
in the design process to support communication 
and discussion among diverse stakeholders. By de-
veloping the City Energy Analyst (CEA) as an inte-
grated toolset, we facilitate the transfer of both the 
method ology and the solutions identified for poten-
tial application in case studies, such as the Water-
front Tanjong Pagar Project and the NTU EcoCampus 
project.
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